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a  b  s  t  r  a  c  t
As  much  as  70%  of prairie  wetlands  in Canada  have  been  lost.  Although  further  degradation  of  natural
wetlands  is considered  to be  somewhat  offset  by  wetland  construction  and  restoration,  Canada  lacks
bioassessment  tools  that  can  track  ecosystem  health  in prairie  wetlands.  Indices  of  biological  integrity
(IBIs)  use  one  or more  biotic  communities  to compare  the  biological  condition  of a  particular  site  to con-
ditions  found  in  least-impacted  reference  sites.  Using  the  IBI  approach,  we  evaluated  the  potential  of  5
biotic  communities  to assess  wetland  health  in northern  prairie  wetlands  in  Canada.  Vegetation  in  the
wet  meadow,  emergent  and  open-water  zones  as  well  as wetland-dependent  songbirds  and  waterbirds
were  sampled  at 81  semi-permanent/permanent  natural  and  compensation  wetlands  spanning  an  envi-
ronmental  stress  gradient.  Metrics  with  strong  linear  relationships  to the  stress  gradient  (R2 >  0.2)  were
combined  into  an  IBI for each  biotic  community  and  were  subsequently  validated  at a suite  of  test  sites.
After  validation,  the  entire  data  set  was  combined  and  each  IBI  was  evaluated  based  on  its linear  rela-
tionship  to  environmental  stress.  Wet  meadow  zone  vegetation  was  a strong  indicator  of environmental
stress  (R2 = 0.68,  p < 0.001),  as was  the  wetland-dependent  songbird  community  (R2 = 0.59,  p  <  0.001).  The
emergent  zone  vegetation  community  was  a relatively  weak  and  inconsistent  indicator  of environmental
stress,  while  the open-water  zone  vegetation  and  waterbird  communities  were  poor  indicators.  To  eval-
uate  whether  monitoring  more  than  one  biotic  community  provided  additional  information  about  a site’s
biological  and  environmental  condition,  we produced  a two-taxon  IBI that  combined  wet meadow  zone
vegetation  and  wetland-dependent  songbird  metrics.  The  two-taxon  IBI  had  a  marginally  stronger  linear
relationship  to the stress  gradient  (R2 = 0.72,  p  <  0.001)  than  any  single  biotic  community  alone,  although
we  argue  that  this  added  information  would  not  warrant  the extra  cost,  effort,  and  logistical  barriers
of  sampling  both  plants  and  birds.  The  wet  meadow  zone  vegetation  and  wetland-dependent  songbird
IBIs  were  strong  surrogates  of  one  another  (R2 =  0.57),  suggesting  that  wet  meadow  zone  vegetation  can
be  used  to predict  the  health  of  wetland-dependent  songbirds,  and  visa  versa.  Our  results  suggest  that
habitat  for  healthy  wet  meadow  zone  vegetation  and  wetland-dependent  songbird  communities  is being
degraded  as compensation  sites  are  replacing  their  natural  analogs.
 . Introduction
The prairie provinces in Canada have experienced persistent loss
f wetlands, signiﬁcantly altering the landscape and compromis-
ng the functioning of natural ecosystems (Dahl and Watmough,
007). As much as 70% of prairie wetlands in Canada have been
ost since European settlement, primarily due to agricultural recla-
ation (Kennedy and Mayer, 2002; Mitsch and Gosselink, 2007).
oday, urban and suburban development is continuing to degrade
he remaining wetlands on the landscape. The deterioration of
quatic ecosystems has presently shifted the focus to conserving
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wetland functions and biodiversity (Kennedy and Mayer, 2002).
Wetlands provide critical breeding habitat for waterfowl and
wetland-dependent songbirds and support a high diversity of
organisms speciﬁcally adapted to living in the ecotone between
aquatic and terrestrial habitats.
Although further degradation of natural wetlands is considered
to be somewhat offset by mitigation projects, wetland management
and conservation in this region lacks bioassessment tools that can
compare and monitor ecosystem health of compensation sites rel-
ative to their natural counterparts. A national wetland monitoring
program does not exist in Canada (Dahl and Watmough, 2007) and a
Open access under CC BY-NC-ND license.standardized approach to monitoring ecological health of compen-
sation wetlands in Canada is lacking (Rubec and Hanson, 2009).
The  index of biological integrity (IBI) is a bioassessment tool that
uses indicators to assess the condition of a particular site relative
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o conditions found at reference sites that are least-impacted by
uman inﬂuence. In the IBI approach, a taxonomically related biotic
ommunity whose biological condition reliably predicts human
isturbance is typically monitored. A biotic community is a broad
erm for a group of organisms found in a particular place or habitat
Morin, 1999). Northern prairie marshes typically have physically
eﬁned vegetation communities making up 3–4 zonations along
he moisture gradient, each of which can be used to indicate ecosys-
em health (Adamus, 1996).
Although the ﬁrst IBI was developed by Karr (1981) to evaluate
tream condition by monitoring ﬁsh assemblages in the Midwest-
rn US, the approach has been adapted to assess wetlands using
everal common organisms including plant and bird communi-
ies. In the IBI approach, scientists search for biological attributes
metrics) that can predict underlying environmental stress. Envi-
onmental stress can be quantiﬁed by measuring physical and
hemical stressors across a range of sites spanning the gradient
f human inﬂuence (Rooney and Bayley, 2010). Several biological
etrics that exhibit the strongest relationship to the stress gradient
re then selected, standardized and combined into an IBI. Rigorous
esting needs to be done to insure that the predictive relation-
hip between biological integrity and environmental stress remains
onsistent across space and time (Wilcox et al., 2002). IBIs can be
aluable tools for management agencies to report on the condition
f a wetland, target wetlands for protection, prioritize and design
itigation projects, set baseline criteria for compensation wetlands
nd monitor compensation success.
The sensitivity of a particular taxon to human inﬂuence varies
y region and wetland type depending on the kinds of stressors
eing assessed and the scale at which they are measured (Brazner
t al., 2007). Hence, it is important to evaluate several biotic
ommunities to determine suitable bioindicators that are able to
redict ecosystem health (i.e. Cvetkovic and Chow-Fraser, 2011;
eilheimer et al., 2009). Plant communities are perhaps the most
idely used bioindicators for wetland monitoring. Advantages of
sing plants as bioindicators include their presence in almost all
etlands, low cost of sampling, and known sensitivity to speciﬁc
tressors (Adamus and Brandt, 1990; Nevel et al., 2004). The disad-
antages of using plants as bioindicators include their limited social
alue, laborious sampling methods, and lagged response to some
tressors, which may  allow plants to survive in poor conditions for
any years (Adamus, 1996; Nevel et al., 2004). In addition, plant
ommunity composition in prairie wetlands changes in response to
uctuations in water level and hydroperiod (Stewart and Kantrud,
971; Van der Valk and Davis, 1978). Some scientists have con-
ended that this inter-annual variation in species composition leads
o inconsistent IBI scores over time (Euliss and Mushet, 2011;
ilcox et al., 2002).
Birds also hold potential as bioindicators because of their high
ocial value and their relatively easy surveying methods (Adamus
nd Brandt, 1990; Nevel et al., 2004). Furthermore, birds are known
o respond to changes in habitat quality and are sensitive to
andscape-scale disturbances (Mensing et al., 1998). However, their
igratory behavior could introduce uncertainties as to whether
hanges in species populations are indeed due to local factors or
re a product of events occurring elsewhere (Nevel et al., 2004).
ther disadvantages of birds as bioindicators include variability
ssociated with differing detection probabilities among species and
mong sites (Hutto et al., 1986); variability in observer detection;
nd uncontrolled variables such as noise, time of day, and weather.
urthermore, it is difﬁcult to conﬁrm breeding pairs of waterbirds
rom individuals that are using the wetland as a staging area.Although IBIs usually use a single, taxonomically related com-
unity as a surrogate proxy of ecosystem health, there is concern
hether one community adequately reﬂects the biological integrity
f other biota. Other studies have found that biotic communitiesndicators 20 (2012) 187–195
have differing sensitivities to speciﬁc kinds of stress at differing
spatial scales (Mensing et al., 1998; O’Connor et al., 2000; Yates and
Bailey, 2011), resulting in community congruence that is stress-
and scale-dependent (Brazner et al., 2007). A multi-community
approach could be necessary for a comprehensive monitoring
program (Cairns et al., 1993). However, the trade-off between
increased cost and sampling effort and the amount of informa-
tion gained may  not be worthwhile, especially if different groups of
organisms have similar responses to stress and are thus redundant
(Karr et al., 1986; O’Connor et al., 2000). Furthermore, it may  not
be practical to monitor multiple communities if the goal of mon-
itoring is to reduce complex ecological information into a simple
and applicable tool for policy and management objectives. Hence,
unless monitoring multiple biotic communities results in a sub-
stantially better evaluation of wetland health, a single community
could sufﬁce for most bioassessment goals.
The research for this study involved sampling vegetation com-
munities from the wet meadow, emergent and open-water zones as
well as wetland-dependent songbird and waterbird communities
at 81 wetlands in the northern prairies of Canada spanning a range
of environmental stress. Our ﬁrst goal was to use the IBI approach
to evaluate the potential of each biotic community to assess bio-
logical integrity. Our second goal was to evaluate whether a single
community represented the health of other biota. We  speciﬁcally
hypothesized that (1) the 5 biotic communities would exhibit vary-
ing sensitivities to the underlying gradient of environmental stress;
(2) the two-taxon IBI combining IBIs developed from plant and
bird communities would represent more variance in environmental
stress than any single biotic community alone; and (3) biotic com-
munities might be good predictors of each other if their sensitivity
to environmental stress covaries.
2. Methods
2.1. Study area
Our study area was located in the northern prairies in Alberta,
Canada, within the Aspen Parkland Ecoregion (Fig. 1). The Aspen
Parkland Ecoregion is a transition zone between the boreal region
to the north and the prairie grasslands to the south, character-
ized by aspen and mixedwood forests and numerous depressional
wetlands in remnant natural areas. The landscape is dominated by
agriculture as well as some urban and suburban areas. Climate in
this region has a moisture-deﬁcit regime where potential evap-
otranspiration exceeds annual precipitation (Hogg, 1994). Mean
daily temperature between May  and September was  15 ◦C in 2008
and 14 ◦C in 2009 (AgroClimatic Information Service). Accumu-
lated precipitation during the growing season between May and
September was 180 mm in 2008 and 173 mm in 2009, which is con-
siderably lower than recent averages of 286 mm between 1971 and
2000 (AgroClimatic Information Service). Temperature and precipi-
tation data was  acquired by taking averages from 5 weather stations
distributed throughout the study area.
2.2. Sampling design
In 2008 and 2009, we  sampled 81 natural and compensation
wetlands, of which 27 were least-impacted reference sites, 19
were agricultural sites, 9 were restored sites, 16 were naturalized
stormwater management ponds, and 11 were classic stormwater
management ponds. Compensation sites were compared to their
natural analogs, semi-permanent to permanent prairie wetlands
(Stewart and Kantrud, 1971), which contain water for most or all
of the year. Natural wetlands in this region typically have 3–4
zonations characterized by the following vegetation communities:
M.J. Wilson, S.E. Bayley / Ecological Indicators 20 (2012) 187–195 189
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ubmersed and ﬂoating aquatic plants in the shallow-open water
one; annuals and young emergent species in the drawdown zone;
obust emergents (i.e. Typha latifolia) in the emergent zone; and
 mixture of grasses, sedges and other herbaceous plants in the
et meadow zone. Sampling from the drawdown zone was  not
ncluded in the analysis. Sites were between 1 and 13 ha, including
he open-water and emergent vegetation zones. The wet meadow
one was not included in total wetland area measurements because
t was too difﬁcult to distinguish from the surrounding upland
sing aerial imagery. Reference sites were surrounded by >50%
ndisturbed forest within a 500 m radius, representing the region’s
east-disturbed range of natural variability. Agricultural sites were
urrounded by >50% cultivated or grazing land within 500 m.
estored sites were generally surrounded by pasture and had been
estored >3 years prior to sampling. Naturalized stormwater man-
gement ponds differ from classic stormwater management ponds
n that they are designed to mimic  some appearances and func-
ions of natural wetlands. All constructed sites were >3 years old
mean age = 17). Permission to access all sites on private land was
btained.
.2.1. Biological sampling
Vegetation in the emergent and wet meadow zones was  sam-
led between late July and August, when peak biomass is expected.
ue to an extensive drought over the past several years, which
liminated the established emergent vegetation at some sites, the
ample size in the emergent zone was reduced to 57 sites rather
han 81. Likewise, 79 sites were included in wet meadow vege-
ation sampling because the wet meadow zone was missing at 2
ites.
To sample macrophytes in the emergent and wet  meadow
ones, sites were randomly divided into thirds by three radial tran-
ects. At each transect, two 1 m × 1 m quadrats were sampled in the
iddle of every zone present with quadrat pairs spaced 5 m apart,
otaling 6 quadrats per zone (Raab and Bayley, 2012). Sometimes
dditional quadrats were sampled in very wide zones at natural
ites, but exactly 6 quadrats per zone were randomly selected for
se in analysis. An a priori power analysis found that a sample
ize of 4 quadrats in the wet meadow zone could detect differ-
nces in richness among sites (N = 12, alpha = 0.05, power = 0.95,
ffect size = 0.72). In each quadrat, all herbaceous plants were iden-
iﬁed to species (or genus) following Moss and Packer (1983) and
heir percent cover was estimated to the nearest 5%. Width of each
one was measured at each transect. In addition, the Robel poleinset of study sites in the northern prairies of Alberta.
technique was  used as a proxy for above-ground biomass in the wet
meadow zone, following Raab and Bayley (2012).  This technique,
however, was not suitable for the taller emergent zone so vegeta-
tion height and a stem count of T. latifolia was  conducted instead. All
plant species names were updated according to the International
Code of Botanical Nomenclature (see Appendix A).
Submersed and ﬂoating aquatic vegetation (SAV) in the open-
water zone was sampled using the rake technique described by
Rooney and Bayley (2011b). The sampler navigated by kayak to 10
stratiﬁed-random locations in the open water zone (>50 cm deep)
and made a vertical sweep of the water column with a rake. SAV
species collected on the rake were identiﬁed following Moss and
Packer (1983) and its relative cover on the rake was  estimated to
the nearest 5%. At some restored and agricultural sites, SAV had to
be sampled at depths < 50 cm because of low water levels. All plant
species names were updated according to the International Code
of Botanical Nomenclature (see Appendix B).
Bird surveys were conducted at each site three times during
the breeding season (May–June) between sunrise and 11:00 am.
Two observers performed a 10-min visual survey from a vantage
point of the entire open-water zone, recording all species and abun-
dances of waterfowl and wading birds (hereafter referred to as
waterbirds). The observers also performed two 8-min point count
surveys within a 50 m ﬁxed-radius. Auditory and visual detections
of wetland-associated passerines and secretive waders (hereafter
referred to as wetland-dependent songbirds) were recorded. Point
counts were located at the interface of the wet  meadow and
emergent zones. Time of visit was rotated during repeated vis-
its to account for variability in time of sampling (Forrest, 2010).
Species names were updated according to the North American Clas-
siﬁcation Committee of the American Ornithologist’s Union (see
Appendices C and D).
2.2.2. Physicochemical sampling
Water samples were collected at each wetland in late July and
analyzed for ammonia (NH4+), nitrate (NO2NO3), total nitrogen
(TN), total dissolved nitrogen (TDN), soluble reactive phosphorous
(SRP), total phosphorous (TP), total dissolved phosphorous (TDP),
chloride, sulfate (SO42−), sodium (Na), potassium (K), calcium
(Ca), magnesium (Mg), iron (Fe), aluminum (Al), dissolved organic
carbon (DOC), silicone dioxide (SiO2), non-ﬁlterable residue, and
chlorophyll a, as described by Bayley and Prather (2003).  All water
analyses were done in the Limnological Laboratory, University of
1 gical Indicators 20 (2012) 187–195
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Table 1
Types of metrics that were tested for a linear relationship to the environmental
stress gradient. Candidate metrics (R2 > 0.2) from biotic communities are under-
lined. WMZ  = wet meadow zone vegetation, EMZ  = emergent zone vegetation,
SAV = submersed/ﬂoating aquatic vegetation, SB = wetland-dependent songbirds,
WB  = waterbirds.
Type of metric Biotic community
Biological productivity
Robel height WMZ
T. latifolia stem count EMZ
Community richness and composition
Diversity indices WMZ, EMZ, SB, WB,  SAV
Total species richness WMZ, EMZ, SB, WB,  SAV
Total  species abundance WMZ, EMZ, SB, WB,  SAV
Native species WMZ, EMZ, SAV
Invasive species WMZ, EMZ
Species of concern SB, WB
Taxonomic/structural guilds
Group (e.g. monocots) WMZ, EMZ, SAV
Life cycle (e.g. perennials) WMZ, EMZ, SAV
Growth habit (e.g. graminoids) WMZ, EMZ, SAV
Dietary need (e.g. carnivore) SB, WB
Foraging mode (e.g. aerial) SB, WB
Nesting location (e.g. ground) SB, WB
Taxonomic groups WMZ, EMZ, SB, WB
Habitat
Wetland-associated species WMZ, EMZ, SB, WB,  SAV
Width of vegetation zone WMZ, EMZ90 M.J. Wilson, S.E. Bayley / Ecolo
lberta. In addition, pH and conductivity were measured in situ
ith a Hach meter.
Sediment cores were taken in July at the wet meadow–emergent
one interface and immediately frozen for further laboratory analy-
is. Samples consisted of a homogenized composite of three 10 cm
ores with a 5.72 cm diameter suction corer. Samples from sedi-
ent cores were analyzed for percent nitrogen (% N) and carbon
% C) in the Limnological Laboratory, University of Alberta. Percent
hosphorous (% P) was also measured using the peroxide/sulfuric
cid digestion method (Parkinson and Allen, 1975) and a Var-
an Cary 50 spectrophotometer. Homogenized composite samples
ere weighed to calculate bulk density. The wet and dry mass (dry-
ng oven set to 60 ◦C for 48 h) of a 50 ± 1 g sample (wet mass) was
eighed to calculate the percent water content in the sediment.
e used a Mettler Toledo AE240 balance (±0.0001 mg)  to weigh a
.5 g sample that was placed in a mufﬂe furnace at 550 ◦C for 4 h and
e-weighed to determine the loss on ignition (Rooney and Bayley,
010).
Shoreline slope was determined at each vegetation transect by
easuring the height of a laser beam 10 m away from the edge
f the open water and calculating the rise over run. In July, water
larity was estimated with a secchi disk at 10 locations in the
pen-water zone. Wetland area was estimated by digitizing aerial
magery in ESRI’s ArcGIS 9.0 (2008).
.3. IBI approach
We evaluated the suitability of ﬁve biotic communities as indi-
ators of biological integrity based on their sensitivity to underlying
nvironmental stress. First, individual metrics were tested and
elected based on their sensitivity to a gradient in environmental
tress at a stratiﬁed random subset of sample sites (N = 54). Metrics
ere standardized and combined into an IBI, which was  subse-
uently validated against stress scores at a suite of independent test
ites (N = 27). A strong linear relationship between IBI and stress
cores at test sites insured that IBIs represented changes in bio-
ogical integrity reﬂecting underlying environmental stress. Once
alidated, we used the entire data set to evaluate each IBI based
n the amount of variance explained by the linear regression. Pear-
on’s correlation was also performed to test for correspondence
etween IBIs developed from differing biotic communities.
.3.1. Stress gradient development
A stress gradient based on underlying physical and chemical
ariables was developed to establish a representative gradient of
nvironmental conditions at sites in our study area. We quan-
iﬁed the gradient in environmental stress using methodologies
escribed in detail by Rooney and Bayley (2010).  In brief, forty-one
nitial variables that we expected would inﬂuence plant community
ealth were measured at each of the 81 study sites. These vari-
bles were grouped into three abiotic categories (physical variables,
ater chemistry, and sediment chemistry). We  performed a Prin-
ipal Components Analysis (PCA) to reveal metrics that were most
trongly correlated with the PCA’s orthogonal axes. The following
 metrics were selected into the stress index: shoreline slope, pro-
ortion secchi depth; NO2NO3, TN, and conductivity in the open
ater zone; and % N, % P, and % water content in the sediment.
o standardize variables, we used a percentile binning approach
ecommended by Rooney and Bayley (2010).  First, the direction
f correlation was corrected so that the values of all the variables
ncreased in correspondence with increasing doses of stress. We
sed 20th percentile increments to convert each variable into a
core between 1 and 5 (i.e. 1st to 20th percentile = 1, . . .,  81st–100th
ercentile = 5). Variable scores within each abiotic category were
veraged so that physical variables, water chemistry, and sedi-
ent chemistry were weighted equally. Category scores were thenFloristic quality assessment index (FQAI) WMZ, EMZ
Sensitive/tolerant species WMZ, EMZ, SAV
combined and rescaled to produce a stress score ranging between
0 and 10.
2.3.2. Metric testing, selection, and standardization
To determine whether communities had indicators that were
sensitive to underlying environmental stress, we  used linear
regression to test for a relationship between individual metric
scores and stress scores. Potential metrics measured a variety of
attributes ranging from richness and composition to guild structure
to habitat quality (Table 1). An additional metric we tested was the
ﬂoristic quality assessment index (FQAI), which was  calculated in
each vegetation community. In a previous study by Forrest (2010),
every marsh plant species in the region was assigned a coefﬁcient
of conservatism (C-value) between 0 and 10 based on its ﬁdelity
to speciﬁc habitat types and tolerance to disturbance (Lopez and
Fennessy, 2002; Miller and Wardrop, 2006). We calculated FQAI
scores by multiplying the mean C-value at each site by the square
root of its native species richness.
Approximately 65 metrics were tested from each of the 5 biotic
communities (Table 1). Metrics with R2-values > 0.2 were con-
sidered candidate metrics (Mack, 2007). Arcsine transformations
were performed on proportion-based metrics to normalize the
distribution and reduce heteroscedasticity of residuals. A log trans-
formation was performed on the width of the wet  meadow zone
to reduce the variability of the residuals of higher values. The ﬁnal
selection of metrics was  determined by performing a redundancy
analysis of candidate metrics. In cases where two metrics had a
Pearson’s correlation coefﬁcient > 0.7 (Rooney and Bayley, 2011a),
only the metric with the largest R2-value was  retained for use in
the IBI.
A continuous reference range approach was used to score met-
rics, which Blocksom (2003) describes in detail. In this approach,
percentile binning is used to standardize metric values for each site
relative to the reference condition, which we  set as the difference
between the 75th percentile of reference sites (upper bound) and
the 25th percentile of constructed sites (lower bound) (Table 2).
Metric scores were summed and rescaled to produce an IBI score
between 0 and 100. In addition, a two-taxon IBI was  produced by
gical Indicators 20 (2012) 187–195 191
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Table 3
Linear relationship (R2 values) between IBI and stress gradient scores. Two-taxon
IBI  = wet  meadow zone vegetation + wetland-dependent songbirds.
Biotic community Development Test All sites
Wet  meadow zone vegetation 0.66*** 0.73*** 0.68***
Emergent zone vegetation 0.46*** 0.30* 0.41***
Wetland-dependent songbirds 0.65*** 0.50*** 0.59***
Two-taxon IBI 0.72*** 0.70*** 0.72***M.J. Wilson, S.E. Bayley / Ecolo
ombining IBIs from the wet meadow zone vegetation and songbird
ommunities.
.4. Wetland health categories
We used classiﬁcation and regression tree analysis (CART) to
bjectively group sites into health categories, as described by
ardrop et al. (2007).  CART builds a regression tree by recursively
artitioning data into two mutually exclusive groups. It chooses
he predictor variable that best describes the response variable and
rovides a threshold value that splits the data into two groups. The
tress gradient was used as the response variable and IBI score was
sed as the predictor variable. A separate analysis was  run for each
ommunity. Each model was pruned to yield 4 health categories:
xceptional, Good, Fair, and Poor.
. Results
.1. Metrics selected for use in IBIs
A subset of sites was designated to test and select several
on-redundant metrics exhibiting a strong relationship to the
nvironmental stress gradient. After redundancy analysis, four
on-redundant vegetation metrics were selected for use in the wet
eadow zone vegetation IBI (Table 2): average width of the wet
eadow zone (R2 = 0.65, p < 0.001); % of total cover of Carex spp.
R2 = 0.44, p < 0.001); % of total cover of native perennials (R2 = 0.35,
 < 0.001); and the FQAI (R2 = 0.39, p < 0.001). In the emergent
one, the FQAI (R2 = 0.43, p < 0.001) and % cover of native species
R2 = 0.42, p < 0.001) were the only sensitive metrics after redun-
ancy analysis (Table 2). Only 1 non-redundant metric from the
ubmersed and ﬂoating vegetation community, % cover of dicots,
ad an acceptable relationship to the stress gradient (R2 = 0.22,
 < 0.001).
Five non-redundant metrics were selected for use in theetland-dependent songbird IBI (Table 2): % of total rich-
ess of insectivores/granivores (R2 = 0.47, p < 0.001), % of
otal richness of ground nesting species (R2 = 0.44, p < 0.001),
umber of temperate migratory species (R2 = 0.37, p < 0.001),
able 2
inear relationship of individual metrics to the environmental stress gradient.
pper and lower bounds represent metric values used to standardize metrics
nto scores. Upper bounds represent the 75th percentile of reference sites and
ower bounds represent the 25th percentile of all constructed stormwater manage-
ent ponds. WMZ  = wet  meadow zone vegetation, EMZ  = emergent zone vegetation,
B  = wetland-dependent songbirds.
Metric Biotic
community
R2 Upper
bound
Lower
bound
Width of wet  meadow
zone (meters)
WMZ  0.65*** 31.2 1.8
%  of total species of
insecti-
vores/granivores
SB 0.47*** 85.7 33.3
%  of total cover of Carex
spp.
WMZ 0.44*** 41.5 0.0
%  of total species of
ground nesters
SB 0.44*** 88.8 37.3
FQAI EMZ  0.43*** 11.3 2.4
%  cover of native species EMZ  0.42*** 60.4 3.3
FQAI WMZ  0.39*** 13.3 4.0
No.  of temperate
migratory spp.
SB 0.37*** 2 0
%  of total cover of native
perennials
WMZ  0.35*** 90.7 17.6
Abundance of canopy
foraging spp.
SB 0.35*** 20.9 0.0
No.  of passerines SB 0.31*** 7 3
*** p < 0.001.* p < 0.05.
*** p < 0.001.
relative abundance of canopy foraging species (R2 = 0.35, p < 0.001)
and number of passerine species (R2 = 0.31, p < 0.001). The water-
bird community did not have any metrics that were sensitive to
the environmental stress gradient.
3.2. Evaluation of IBIs developed from a single biotic community
The wet meadow zone vegetation, emergent zone vegetation,
and wetland-dependent songbird communities all had multiple
sensitive metrics to the environmental stress gradient. These met-
rics were standardized and summed into an IBI score representing
a site’s biological integrity and its underlying environmental condi-
tions. Once validated, we  used all sites in the data set to evaluate IBIs
based on their relationship to the stress gradient. The wet  meadow
zone vegetation community was the best predictor of environ-
mental stress (R2 = 0.68, p < 0.001, Table 3 and Fig. 2a), followed by
the wetland-dependent songbird community (R2 = 0.59, p < 0.001,
Table 3 and Fig. 2b), and the emergent zone vegetation community
(R2 = 0.41, p < 0.001, Table 3). There was  also a strong correlation
between the wetland-dependent songbird IBI and the wet meadow
zone vegetation IBI (R2 = 0.57, p < 0.001, Fig. 3), indicating that these
2 biotic communities are strong surrogates of each other.
IBI scores were tallied at a subset of independent test sites
reserved to insure that the correlation between biological integrity
(IBI score) and environmental condition (stress score) was  real.
The wet  meadow zone vegetation IBI had a very consistent linear
relationship to the stress gradient at test sites (R2 = 0.73, p < 0.001,
Table 3), as did wetland-dependent songbirds (R2 = 0.50, p < 0.001,
Table 3). The emergent zone vegetation IBI had a comparatively
weaker but still signiﬁcant relationship to the stress gradient at
test sites (R2 = 0.30, p < 0.05, Table 3).
3.3. Evaluation of the two-taxon IBI
We combined IBIs from out two  best indicator communities, wet
meadow zone vegetation and wetland-dependent songbirds, into a
two-taxon IBI to evaluate whether integrating multiple biotic com-
munities strengthened the correlation between biological integrity
and environmental stress. The two-taxon IBI had a slightly stronger
relationship to the stress gradient (R2 = 0.72, p < 0.001, Table 3 and
Fig. 2c) than either the wet meadow zone vegetation IBI (R2 = 0.68)
or the wetland-dependent songbird IBI (R2 = 0.59) alone.
3.4. Wetland health categories
CART provided thresholds that delineated wetland health cat-
egories (Table 4). The wet meadow zone vegetation IBI had the
most conservative threshold for sites in “Good” health (Fig. 2a and
Table 4), whereas the wetland-dependent songbird IBI had the most
conservative threshold for sites in “Exceptional” health (Fig. 2b
and Table 4). The wet  meadow zone vegetation IBI ranked nearly
all reference sites as “Exceptional” while the wetland-dependent
songbird IBI ranked some reference sites as “Exceptional” and oth-
ers as “Good” (Table 5). Both the wet meadow zone vegetation and
wetland-dependent songbird IBIs had comparable thresholds for
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Fig. 2. Site IBI scores regressed against stress scores using the (a) wet meadow zone vegetation IBI; (b) wetland-dependent songbird IBI, and (c) two-taxon IBI (wet meadow
zone  vegetation + wetland-dependent songbirds). Thresholds for health categories are shown as deﬁned by classiﬁcation and regression tree analysis (CART). () Reference;
()  agricultural, () restored, (©) naturalized constructed stormwater management pond
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ig. 3. Linear relationship between wetland-dependent songbird and wet  meadow
one vegetation IBI scores. () Reference; () agricultural, () restored, (©) nat-
ralized constructed stormwater management ponds and () classic stormwater
anagement ponds.s and () classic stormwater management ponds.
“Poor” and “Fair” categories (Table 4). The emergent vegetation
IBI had the least conservative thresholds for all health categories
(Table 4). Thresholds produced by the two-taxon IBI were very
similar to those of the songbird IBI (Fig. 2c and Table 4).
4. Discussion
We  chose to investigate plant and bird communities as bioindi-
cators for several reasons: ﬁrst, ﬁeld sampling of birds and
plants are staggered, with breeding bird sampling taking place in
May–June and vegetation sampling taking place in July–August.
Second, sampling and identiﬁcation of vegetation and bird com-
munities is straightforward and less costly in comparison to other
taxonomic groups (i.e. macroinvertebrates, microbes, algae). Third,
both plants and birds are known to be sensitive to human inﬂuence.
Plants have been used widely as wetland indicators in other stud-
ies, while birds, although not as established as wetland indicators,
would be of particular interest to managers because of their value
to society. However, we made no presuppositions as to which biotic
communities held the highest potential as bioindicators, as no
equivalent bioassessment study has been conducted in this region
before. Thus, we  assumed that a comprehensive study evaluating
the potential of several biotic communities was  required to identify
suitable indicators of biological integrity and environmental stress.
M.J. Wilson, S.E. Bayley / Ecological I
Table  4
Wetland health category ranges on a scale between 0 and 100. Thresholds were
determined by classiﬁcation and regression tree analysis (CART). WMZ  = wet
meadow zone vegetation, EMZ  = emergent zone vegetation, SB = wetland-
dependent songbirds, two-taxon = WM + SB.
Health category WMZ-IBI EMZ-IBI SB-IBI Two-taxon IBI
Exceptional >69 >62 >81 >80
Good >51 and <70 >21 and <63 >37 and <82 >40 and <81
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Poor <26 <12 <22 <30
.1. Metrics selected for use in IBIs
The width of the wet meadow zone, which decreased with
nvironmental stress as expected, has been used in previous IBIs
eveloped in Alberta (Raab and Bayley, 2012). It is a simple and
traightforward metric to measure in the ﬁeld and can be scaled up
y measuring it by remote sensing (Creed, pers. comm.). Wider wet
eadow zones likely correspond to greater habitat availability for
pecies in other trophic levels. FQAI scores also had a negative rela-
ionship to environmental stress as expected. FQAIs have been used
s indicators in several other studies (DeKeyser et al., 2003; Mack,
007; Raab and Bayley, 2012), and although calculating this metric
equires more intensive sampling effort and identiﬁcation skills, it
s useful because it estimates habitat quality (Miller and Wardrop,
006). Metrics related to % cover of Carex and native species were
lso negatively correlated with the stress gradient as expected, as
hese metrics are known to be sensitive to both agricultural and
rban impacts (Galatowitsch et al., 1998) and have been used as
ndicators in other regions as well (DeKeyser et al., 2003; Simon
t al., 2001). Carex plays a vital role in wetland functioning via nutri-
nt uptake, cycling and primary production (Bernard et al., 1988)
nd are a dominant genus in northern prairie wetlands.
The richness and composition of insectivores/granivores,
round nesting species, temperate migratory species, canopy for-
ging species and passerines all had negative linear relationships
o environmental stress as expected. These metrics are likely corre-
ated to the stress gradient because both environmental conditions
nd songbird integrity likely covary with surrounding habitat and
and use alterations. Other bird community indices have been found
o be strongly correlated with habitat quality indices (Canterbury
t al., 2000).
.2. Evaluation of IBIs developed from a single biotic community
Plant-based indices have been developed to assess wetland
ealth in many jurisdictions in the United States (DeKeyser et al.,
003; Hargiss et al., 2008; Mack, 2007; Mack et al., 2008; Miller
t al., 2006) as well as elsewhere in Canada (Raab and Bayley, 2012;
ooney and Bayley, 2011a).  The wet meadow zone vegetation IBI
ad the strongest and most reliable relationship to the environmen-
al stress gradient out of all 5 communities that were examined.
able 5
ercentage of sites in each wetland health category. Reference sites made up 33%
f  total sites, agricultural sites made up 22% of total sites, restored sites made up
1% of total sites, naturalized constructed stormwater management ponds made
p  20% of total sites, and classic stormwater management ponds made up 14% of
otal sites. WMZ  = wet  meadow zone vegetation, EMZ  = emergent zone vegetation,
B = songbirds, Two-taxon = WM + SB.
Health category WMZ-IBI EMZ-IBI SB-IBI Two-taxon IBI
Exceptional 37 37 16 19
Good 19 42 47 43
Fair 23 8 19 12
Poor 21 12 19 26ndicators 20 (2012) 187–195 193
Since the wet meadow zone vegetation community was  the only
plant community found to be consistently sensitive to environmen-
tal stress, we  argue that monitoring vegetation in the wet  meadow
zone alone is better than calculating plant metrics based on the
entire wetland. Our results showed that different plant communi-
ties have varying sensitivities to environmental stress, and when
assessed together, the individual signal of the wet  meadow zone
vegetation community to stressors would likely be masked. Raab
and Bayley (2012) also developed a successful IBI for natural and
oil sands reclamation boreal marshes using the wet meadow zone
vegetation community. Out of the 4 metrics we selected in our wet
meadow zone vegetation IBI, 3 of them were either similar or iden-
tical to those used by Raab and Bayley (2012):  width of the wet
meadow zone, FQAI and % of total cover of Carex spp. The similarity
in component metrics between studies suggests that these metrics
are reliably sensitive to a variety of stressors in differing wetland
types and regions.
Wetlands can be parceled into health categories that are more
comprehensible to the public and more practical for managers to
use than an index score. Wetland health categories can be used
by managers to monitor wetland compliance and compensation
success and to set benchmarks or thresholds for certiﬁcation and
approval. Typically, studies have recommended preliminary wet-
land health categories that are often based on best professional
judgment in order to satisfy management requirements; however,
we used an objective approach (i.e. CART) to delineate health cate-
gories based on a study by Wardrop et al. (2007).  The wet meadow
zone vegetation IBI produced fairly conservative health categories
and grouped nearly all our reference sites as “Exceptional,” which
veriﬁed that our choice of reference sites did in fact represent the
reference condition.
Vegetation in the emergent zone could only be sampled at 60
of the 81 sites because the vegetation in this zone had died off
at some sites due to prolonged dry conditions. Low sample size
likely reduced the power of the emergent zone vegetation IBI. Fur-
thermore, the emergent zone vegetation IBI had only 2 metrics
after redundancy analysis, which is likely not sufﬁcient to produce
a robust IBI that is reliable over years with varying water levels.
The logistical issues we  encountered in the emergent zone support
Wilcox et al.’s (2002) argument that hydrologic ﬂuctuation would
make plant metrics in some zones inconsistent from year to year.
An IBI could not be produced with the submersed and ﬂoating
vegetation community even though it was  successfully devel-
oped for northern natural and reclamation marshes in Alberta
(Rooney and Bayley, 2011a).  In northern reclamation marshes, sub-
mersed and ﬂoating species were likely sensitive to hydrocarbon
and salt-related toxicity (Rooney and Bayley, 2011a), suggesting
that differences in types of stressors likely led to differing results
between studies. Low species richness (mean total richness = 4)
likely inﬂuenced the poor outcome of submersed and ﬂoating
aquatic vegetation as an indicator of biological integrity in this
region.
The IBI developed from wetland-dependent songbirds had
the second strongest relationship to the stress gradient after
the wet  meadow zone vegetation IBI. The wetland-dependent
songbird IBI had the most conservative threshold for sites in
“Exceptional” health, suggesting that managers could use song-
birds as bioindicators to identify wetlands that support healthy
songbird communities. Perhaps most interesting, however, is
that the wet  meadow zone vegetation IBI scores could predict
wetland-dependent songbird IBI scores and visa versa, which
supports evidence found by Canterbury et al. (2000) that habitat
indices are good surrogates of bird integrity. Several metrics in the
wet meadow zone vegetation IBI, such as the FQAI and width of
the wet  meadow zone, are proxies of habitat quality. Rooney and
Bayley (2012) found in a related study that community congruence
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etween wetland-dependent songbird and wet meadow zone veg-
tation communities was  relatively low, despite both covarying
ith similar environmental variables. As a result, they concluded
hat bioassessment tools using a single biotic community might not
dequately represent biological health of other biota. Because we
ound that IBI scores produced from wet meadow zone vegetation
nd wetland-dependent songbird communities are correlated, we
rgue that IBIs can reﬂect the biological integrity of other organ-
sms even if they do not have congruent community compositions.
he constituent metrics in the wet meadow zone vegetation IBI
i.e. width of the wet meadow vegetation, FQAI) are likely good
ndicators of biological integrity because they are broad, represent
abitat quality, and subsequently reﬂect other biotic communities.
In contrast to the songbird community, an IBI could not be
roduced using waterbirds. Waterfowl are known to respond to
road-scale changes in habitat and food resources while the envi-
onmental stress gradient used in this study exclusively measured
ocal physical and chemical conditions. Waterbird IBIs have been
uccessfully developed to predict alterations in land-use (Glennon
nd Porter, 2005), which should be taken into consideration if
anagers are particularly interested in managing waterfowl pop-
lations.
.3. Evaluation of the two-taxon IBI
The two-taxon IBI had a marginally stronger relationship to the
tress gradient than any single biotic community alone. This result
robably occurred because the wet meadow zone vegetation and
etland-dependent songbird communities are strong surrogates
f one another and contain redundant metrics. Monitoring both
lants and birds would substantially raise the cost and effort of a
etland bioassessment program and could reduce the utility of the
BI. Hence, we argue that combining multiple biotic communities
nto a single index of health might not be worthwhile in some situ-
tions where the added information does not offset the increase in
ost and effort of sampling multiple communities. Different sam-
ling methods and ﬁeld training skills would be required to monitor
oth breeding birds and marsh vegetation, and differing times of
ear are required for sampling each of these organisms. The wet
eadow zone vegetation and wetland-dependent songbird IBIs
oth covaried with the stress gradient and were correlated with
ach other. Hence, we believe that they could be utilized separately
uring different times of the year. In central Alberta, for example,
etland-dependent songbirds could be used as a bioindicator dur-
ng the breeding season in May–June, whereas wet meadow zone
egetation could be used in late July–August.
.4. Conclusions
We found that the suitability of different biotic communities
aried widely, and that not all communities are sensitive to a gradi-
nt of environmental stress. We  determined that the wet  meadow
one vegetation and wetland-dependent songbird communities are
ood indicators of environmental stress while emergent zone veg-
tation, open-water zone vegetation and waterbirds are relatively
oor to poor indicators of environmental stress. The wet meadow
one vegetation and wetland-dependent songbird IBIs were strong
urrogates of each other, indicating that sampling a single biotic
ommunity can reﬂect the health of other organisms of differing
rophic levels. Contrary to our hypothesis that the two-taxon IBI
ould improve the strength of the relationship to the stress gradi-
nt, it added only slightly more information than the wet  meadow
one vegetation IBI alone. Both the wet meadow zone vegetation
nd wetland-dependent songbird communities revealed that con-
tructed sites are in poorer biological health than natural sites and
his decrease in biological condition reﬂects unhealthy underlyingndicators 20 (2012) 187–195
environmental conditions. This ﬁnding suggests that wetland
ecosystem health is deteriorating as constructed sites are replacing
natural wetlands on the landscape.
Acknowledgments
The Alberta Water Research Institute and the Alberta Conser-
vation Association provided ﬁnancial funding for this project. We
gratefully acknowledge Dr. Jens Roland and Dr. A. Lee Foote for their
assistance and contribution to this project. We would also like to
thank Dr. Rebecca Rooney, Matt Bolding, and Dustin Raab for their
contributions.
Supplementary data
Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.ecolind.2012.02.009.
References
Adamus, P.R., 1996. Bioindicators for Assessing Ecological Integrity of Prairie Wet-
lands. U.S. E.P.A, Covallis, OR, 209 pp.
Adamus, P.R., Brandt, K.B., 1990. Impacts on Quality of Inland Wetlands of the United
States: A Survey of Indicators, Techniques, and Applications of Community Level
Biomonitoring Data. U.S. E.P.A, Covallis, OR, 406 pp.
AgroClimatic Information Service, retrieved from www.agric.gov.ab.ca, November
2011.
Bayley, S.E., Prather, C.M., 2003. Do wetland lakes exhibit alternative stable states?
Submersed aquatic vegetation and chlorophyll in western boreal shallow lakes.
Limnol. Oceanogr. 48, 2335–2345.
Bernard, J.M., Solander, D., Kvet, J., 1988. Production and nutrient dynamics in Carex
wetlands. Aquat. Bot. 30, 125–147.
Blocksom, K.A., 2003. A performance comparison of metric scoring methods for
a  multimetric index for Mid-Atlantic highlands streams. Environ. Manage. 31,
670–682.
Brazner, J.C., Danz, N.P., Niemi, G.J., Regal, R.R., Trebitz, A.S., Howe, R.W., Hanowski,
J.M., Johnson, L.B., Ciborowski, J.J.H., Johnston, C.A., Reavie, E.D., Brady, V.J., Sgro,
G.V.,  2007. Evaluation of geographic, geomorphic and human inﬂuences on Great
Lakes wetland indicators: a multi-assemblage approach. Ecol. Indic. 7, 610–635.
Cairns, J., McCormick, P.V., Niederlehner, B.R., 1993. A proposed framework for
developing indicators of ecosystem health. Hydrobiologia 263, 1–44.
Canterbury, G.E., Martin, T.E., Petit, D.R., Petit, L.J., Bradford, D.F., 2000. Bird com-
munities and habitat as ecological indicators of forest condition in regional
monitoring. Conserv. Biol. 14, 544–558.
Cvetkovic, M.,  Chow-Fraser, P., 2011. Use of ecological indicators to assess the quality
of  Great Lakes coastal wetlands. Ecol. Indic. 11, 1609–1622.
Dahl, T.E., Watmough, M.D., 2007. Current approaches to wetland status and trends
monitoring in prairie Canada and the continental United States of America. Can.
J.  Remote Sens. 33, S17–S27.
DeKeyser, E.S., Kirby, D.R., Ell, M.J., 2003. An index of plant community integrity:
development of methodology for assessing prairie wetland plant communities.
Ecol.  Indic. 3, 119–133.
ESRI, 2008. ArcGIS 9.3. ESRI, Redlands, CA.
Euliss, N., Mushet, D., 2011. A multi-year comparison of IPCI scores for prairie pothole
wetlands: implications of temporal and spatial variation. Wetlands 31, 713–723.
Forrest, A.S., 2010. Created stormwater wetlands as wetland compensation and a
ﬂoristic quality approach to wetland condition assessment in central Alberta.
Biological Sciences. M.Sc. Thesis. University of Alberta, 117 pp.
Galatowitsch, S.M., Whited, D.C., Lehtinen, R., Husveth, J., Schik, K., 1998. The vege-
tation of wet meadows in relation to their land-use. Environ. Monit. Assess. 60,
121–144.
Glennon, M.J., Porter, W.F., 2005. Effects of land use management of biotic integrity:
an  investigation of bird communities. Biol. Conserv. 126, 499–511.
Hargiss, C.L.M., DeKeyser, E.S., Kirby, D.R., Ell, M.J., 2008. Regional assessment of
wetland plant communities using the index of plant community integrity. Ecol.
Indic. 8, 303–307.
Hogg, E.H., 1994. Climate and the southern limit of the Western Canadian Boreal
forest. Can. J. Forest Res. 24, 1835–1845.
Hutto, R.L., Pletschet, S.M., Hendricks, P., 1986. A ﬁxed-radius point count method
for  nonbreeding and breeding season use. Auk 103, 1986.
Karr, J.R., 1981. Assessment of biotic integrity using ﬁsh communities. Fisheries 6,
21–27.
Karr, J.R., Fausch, K.D., Angermeier, P.L., Yant, P.R., Schlosser, I.J., 1986. Assessment
of  Biological Integrity in Running Water: A Method and its Rationale. Illinois
Natural History Survey Special Publication No. 5, Champaign, IL, 28 pp.
Kennedy, G., Mayer, T., 2002. Natural and constructed wetlands in Canada: an
overview. Water Qual. Res. J. Can. 37, 295–325.
Lopez, R.D., Fennessy, M.S., 2002. Testing the ﬂoristic quality assessment index as
an indicator of wetland condition. Ecol. Appl. 12, 487–497.
gical I
M
M
M
M
M
M
M
M
N
O
P
R
RM.J. Wilson, S.E. Bayley / Ecolo
ack,  J.J., 2007. Developing a wetland IBI with statewide application after multiple
testing iterations. Ecol. Indic. 7, 864–881.
ack, J.J., Avdis, N.H., Braig, E.C., Johnson, D.L., 2008. Application of a vegetation-
based index of biotic Integrity for Lake Erie coastal marshes in Ohio. Aquat.
Ecosyst. Health Manage. 11, 91–104.
ensing, D.M., Galatowitsch, S.M., Tester, J.R., 1998. Anthropogenic effects on the
biodiversity of riparian wetlands of a northern temperate landscape. J. Environ.
Manage. 53, 349–377.
iller, S.J., Wardrop, D.H., 2006. Adapting the ﬂoristic quality assessment index
to  indicate anthropogenic disturbance in central Pennsylvania wetlands. Ecol.
Indic.  6, 313–326.
iller, S.J., Wardrop, D.H., Mahaney, W.M.,  Brooks, R.P., 2006. A plant-based index of
biological integrity (IBI) for headwater wetlands in central Pennsylvania. Ecol.
Indic. 6, 290–312.
itsch, W.J., Gosselink, J.G., 2007. Wetlands, 4th ed. John Wiley & Sons, Inc., New
York, NY, 582 pp.
orin, P.J., 1999. Community Ecology. Blackwell Science, Inc., Malden, MA, 424 pp.
oss, E.H., Packer, J.G., 1983. Flora of Alberta. University of Toronto Press, Toronto,
687 pp.
evel, B., Milam, J., Arnold, G., Harris, R., 2004. Measuring Mitigation: A Review of
the  Science for Compensatory Mitigation Performance Standards. Prepared for
the  U.S. E.P.A., Washington D.C., 271 pp.
’Connor, R.J., Walls, T.E., Hughes, R.M., 2000. Using multiple taxonomic groups
to  index the ecological condition of lakes. Environ. Monit. Assess. 61,
207–228.
arkinson, J.A., Allen, S.E., 1975. A wet oxidation procedure suitable for the determi-
nation of nitrogen and mineral nutrients in biological materials. Commun. Soil
Sci. Plant Anal. 6, 1–11.
aab, D.J., Bayley, S.E., 2012. Reclamation of wetland habitat in the Alberta oil sands:
generating assessment targets using boreal marsh vegetation communities.
Ecol. Indic. 15, 43–51.
ooney, R.C., Bayley, S.E., 2010. Quantifying a stress gradient: an objective approach
to  variable selection, standardization and weighting in ecosystem assessment.
Ecol. Indic. 10, 1174–1183.ndicators 20 (2012) 187–195 195
Rooney, R.C., Bayley, S.E., 2011a. Development and testing of an index of biotic
integrity based on submersed and ﬂoating vegetation and its application to
assess reclamation wetlands in Alberta’s oil sands area, Canada. Environ. Monit.
Assess. 184, 749–761.
Rooney, R.C., Bayley, S.E., 2011b. Setting reclamation targets and evaluating
progress: submersed aquatic vegetation in natural and post-oil sands mining
wetlands in Alberta, Canada. Ecol. Eng. 37, 569–579.
Rooney, R.C., Bayley, S.E., 2012. Community congruence of plants, invertebrates and
birds in natural and constructed shallow open-water wetlands: do we need to
monitor multiple assemblages? Ecol. Indic. 20, 42–50.
Rubec, C.D.A., Hanson, A.R., 2009. Wetland mitigation and compensation: Canadian
experience. Wetlands Ecol. Manage. 17, 3–14.
Seilheimer, T.S., Mahoney, T.P., Chow-Fraser, P., 2009. Comparative study of ecolog-
ical  indices for assessing human-induced disturbance in coastal wetlands of the
Laurentian Great Lakes. Ecol. Indic. 9, 81–91.
Simon, T.P., Stewart, P.M., Rothrock, P.E., 2001. Development of multimetric
indices of biotic integrity for riverine and palustrine wetland plant com-
munities along Southern Lake Michigan. Aquat. Ecosyst. Health Manage. 4,
293–309.
Stewart, R.E., Kantrud, H.A., 1971. Classiﬁcation of Natural Ponds and Lakes in the
Glaciated Prairie Region. U.S. Bureau of Sport Fisheries and Wildlife, Washington,
DC, 57 pp.
Van der Valk, A.G., Davis, C.A., 1978. The role of seed banks in the vegetation dynam-
ics of prairie glacial marshes. Ecology 59, 322–335.
Wardrop, D.H., Kentula, M.E., Stevens Jr., D.L., Jensen, S.F., Brooks, R.P., 2007. Assess-
ment of wetland condition: an example from the Upper Juniata watershed in
Pennsylvania, USA. Wetlands 27, 416–431.
Wilcox, D.A., Meeker, J.E., Hudson, P.L., Armitage, B.J., Black, M.G., Uzarski,
D.G., 2002. Hydrologic variability and the application of index of biotic
integrity metrics to wetlands: a Great Lakes evaluation. Wetlands 22,
588–615.
Yates, A.G., Bailey, R.C., 2011. Effects of taxonomic group, spatial scale and descriptor
on  the relationship between human activity and stream biota. Ecol. Indic. 11,
759–771.
